ABSTRACT: Dominance 
reductions in estimates of direct additive variances. Direct(materna1) heritability estimates averaged across herd-line combinations with Model 2 were .53 (.llj, .42(.04), .27(.12j, and .35(.04) for BWT, and 11% of total variance for BWT, BH, WW, and WH, residual. ~~d~l 2 also included dominance ( d ) and respectively.
Most of the estimates for additive x model 3 included dominance plus additive x additive additive variances were negligible, except for one data (a: a ) effects. In general, only slight changes occurred set for BWT, two for BH7 and one for WH, where the included in Model 2. However, large estimates of .45). These results suggest that most of the nonadditive x additive genetic variances obtained with additive genetic variance in the traits studied is Model 3 for 4 out of 24 analyses were associated with accounted for by dominance genetic effects.
Introduction
Interest in estimating breeding values across breeds of beef cattle has been increasing (Elzo and Famula, 1985; Notter, 1989; Swan and Meyer, 1991; Nuriez-Dominguez et al., 199313) . The use of informa-'Published as paper no. 10681, journal ser., Nebraska Agrie. Res. Div., Univ. of Nebraska, Lincoln 68583-0908.
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Received April 4, 1994. Accepted December 16, 1994. J. Anim. Sci. 1995 Sci. . 73:1002 Sci. -1011 tion from purebred and crossbred animals has been suggested and models including non-additive genetic effects have been proposed (Wei et al., 1991a,b; Arnold et al., 19921 , which implies the need for estimates of the respective variance components.
The few previous attempts to estimate non-additive genetic variances in beef cattle (Deese and Koger, 1967; Hohenboken and Brinks, 1971 ) used different family structures and equated covariances obtained by least squares analyses to their theoretical expectations. However, it has been recognized that estimates obtained by such procedures are potentially biased. Derivative-free REML (Graser et al., 1987; Meyer, 1989 ) is now a common approach for estimation of variance components using an additive animal model. Moreover, some studies have been done in dairy cattle (VanRaden, 1989; Tempelman and Burnside, 1991; Hoeschele, 1991) and poultry (Wei and van der Werf, 1993) using procedures proposed by Henderson (1977 Henderson ( , 1985a ) that include non-additive genetic effects in the model and that apply algorithms to obtain inverses of relationship matrices directly from a pedigree file (Henderson, 1975 (Henderson, , 1976 Quaas, 1976; VanRaden and Hoeschele, 1990; Hoeschele and VanRaden, 19911 , but no similar studies have been done in beef cattle. Objectives of this study were to estimate dominance and additive X additive genetic variances for birth and weaning traits and to compare estimates of genetic variances for models including additive, additive and dominance, and additive, dominance, and additive x additive genetic effects. Formation, management, and breed composition of the lines were extensively described by Buttram and Willham (1989) and Northcutt et al. (1991) . The contribution by original purebred sires to each of the lines was as follows: small: 1/4 Jersey, 1/4 Angus; medium: 1/8 Jersey, 1/4 Angus, 1/8 Simmental; large: 1/4 Angus, 1/4 Simmental. The remaining 50% of the breed composition was contributed by the original crossbred dams, which were assigned to the respective lines according to their frame size. If the variance-covariance structure for the additive direct and additive maternal genetic effects is G = G,*A, then G-l = G0-l*A-l, where Also, let:
Materials and Methods

Description
Hence, the mixed-model equations ( "E), times 4, for Model 3 are:
Estimation of (Co)variance Components. Variance components were estimated by the derivative-free REML algorithm described by Graser et al. ( 1987) for one random factor. This procedure was extended by Meyer ( 1989) to include additional random effects and later Van Vleck (1993) presented ways to consider also nonadditive random genetic effects (dominance and additive x additive). The method involves maximizing the likelihood function ( A), which is the same as maximizing the log A, or minimizing:
where C* is a full rank part of the coefficient matrix of the "E*<; S is the vector of solutions; and aRelative density expressed as the ratio of the number of non-zero coefficients to the total number of coefficients.
r is the vector of right-hand sides of the "E*<.
Van Vleck ( 1993 ) showed that setting up equations for the individual direct genetic random effects is more efficient in terms of computations t o estimate variance components by this algorithm than is incorporating them into a total genetic merit model, as proposed by Henderson (1985a,b) . Henderson's (1985a,b) procedure reduces the total number of mixed-model equations, but the equations are considerably more dense than the ones for the procedure used here, resulting in less efficient use of the sparse matrix algorithm (Boldman and Van Vleck, 1991) . The computer programs were based on the DFREML series developed by Meyer (1989) with modifications to include dominance and additive X additive effects made at the University of Nebraska. Iterations were stopped when the variance of function values ( -210g A) of the simplex was less than 1 x lop6. Then the analyses were restarted using the resulting estimates of the parameters as new priors until changes in the value of the function and(or) the estimates of the parameters were small. Comparisons of the different models were made with likelihood ratio tests: -2 times the difference between the maximized log A values for Models 1 and 2, and for Models 2 and 3 were tested against the chisquare distribution with 1 df (Dobson, 1990) .
Results and Discussion
Inbreeding and Relative Density of the Inverses of the Nonadditive Genetic Relationship Matrices. Table   2 shows the average inbreeding coefficient and the relative density of the genetic relationship matrices for each herd-line combination. The proportions of inbred animals at the Rhodes herd were substantially higher than at McNay, but the average inbreeding coefficients were not larger at that farm. The higher proportion of inbred animals at Rhodes had a major impact on the relative density of the inverses of the non-additive genetic relationship matrices ( D-l and AAp1), which increased linearly with the proportion of inbred animals. As a result, computer time required to analyze these last data subsets was more than three times larger than that required to analyze the data subsets from the McNay herd. When significant inbreeding exists, procedures t o obtain relationship matrices that account for this effect should be implemented (Quaas 1976; Smith and Maki-Tanila, 1990; de Boer and Hoeschele, 1993) . In this study the average inbreeding coefficient of inbred animals was higher than 4% percent (8.7%; Table 2 only for one data subset and was not considered when calculating the dominance relationship matrix.
(Co)variance Components
Estimates of (co)variances relative to the phenotypic variance ( Tables  3, 4 , 5 , and 6, respectively. Model 1 was used by Northcutt et al. (1991) to analyze the data corresponding to the years of 1978 through 1987 at Rhodes and to 1978 through 1986 at McNay on only BWT and WW. Because the data used in the present study included three more years and almost twice as many records as in that previous analysis, some changes occurred in estimates of the parameters.
Estimates of phenotypic variances obtained with the three different models were the same, or almost the same, for all traits. Thus, reported estimates of phenotypic variances were calculated as the average of estimates obtained with the three models. Only for BH was there no effect of scale on estimated phenotypic variance associated with the lines defined by size. At
McNay, the estimate of 0; for BW on the large line was more than double that for the small line (38.4 vs 17.8 kg2). The average variance across the six herdline combinations was 26.7 kg2. For BH the average phenotypic variance was 13.9 cm2 with a range from 12.7 to 14.9 cm2. The range for WW was 531.2 kg2 to 893.3 kg2 for the small and large lines at Rhodes, respectively. The average value across all data subsets was 693.3 kg2. Also for WH a t McNay, the value of u; for the large line was more than twice that for the small line (44.9 vs 20.4 cm2). These estimates of u i for BWT and WW for the small and medium lines are within the ranges reported in the literature (e.g., Bertrand and Benyshek, 1987; Garrick et al., 1989; Nuiiez-Dominguez et al., 1993a) . Estimates for the large line for both traits, however, are larger than values reported previously. The highest value reported by Garrick et al. (1989) Estimates of heritability for additive direct genetic effects ( h 2 ) for BWT and WW are within the range of values reported previously (e.g., Bertrand and Benyshek, 1987; Garrick et al., 1989; Brown et al., 1990) . Averaged across herd-line combinations, estimates of h2 were .54, .53, and .49 for BWT; .43, .42, and .37 for BH; .29, .27, and .27 for WW; and .36, .35, and .34 for WH €or Models 1, 2, and 3, respectively. Minimal reductions on the averaged heritability estimates occurred when the dominance term was included in Model 2. These results agree with those of Tempelman and Burnside ( 199 1) for milk and fat yields of dairy cattle. Wei and van der Werf ( 1993), however, observed moderate decreases in estimated heritabilities for most of the traits that they analyzed on poultry when the dominance effects were included in the model compared with the additive animal model. More obvious changes in h2 were noticed for one data subset for BWT, two for BH, and one for WH when Model 3 was used. Relatively high estimates of the additive x additive genetic effects were associated with reduced estimates of h2. This situation must be the result of negative correlation between estimates of variances due to additive and additive x additive genetic effects (Chang et al., 1990; VanRaden et al., 1992) .
Smaller differences between models for estimates of m2, cv(a,m), and c2 were found. Estimates of these components, however, were quite variable for the different herd-line combinations. their genetic potential for milk production (Northcutt et al., 1991) . Averaged estimates of m2 across herdline combinations were .13, .12, and .l2 for Models 1, 2, and 3, respectively. No high values of m2 were observed for the height traits. Averaged value of m2 for WH across the data subsets was .04 for the three models. In general, estimates of m2 were smaller than those for h2, which agrees with reports of Bertrand and Benyshek ( 1987 1 for Limousin and Brangus calves and Garrick et al. ( 1989) for Simmental-sired calves.
The range of estimates of cv(a,m) was from -.l6 to . l 0 for BWT, with averaged estimates of -.01, .OO, and .OO for Models 1, 2, and 3, respectively. For BH the range was slightly smaller than for BWT, with estimates from -.l0 to .05, and averages of .01 for the three models. The range was even smaller for WW, with estimates from -.04 t o .07 and averages across herd-line combinations of .OO, .01, and .01 for Models 1, 2, and 3, respectively. Only positive estimates of cv(a,m) were observed for WH, ranging from .01 to .08 with an average of .06 for the three models. The corresponding correlations were large because in many cases the additive maternal genetic variances were very small.
In most cases, estimates of variance of permanent environmental effects were relatively unimportant. Only for one data subset was a c2 estimate of . l 2 obtained for BW. The average of c2 across herd-line combinations was .03 for the three models. For BH the averaged estimates were .01, .OO, and .OO for Models 1, 2, and 3, respectively. The estimate of c2 was .OO for WW on the medium line at both farms; for three of the data subsets the estimates were from .03 to .04, and for the large line at Rhodes the estimates were .14, .18, and .l9 for Models 1, 2, and 3, respectively. The averaged estimates across herd-line combinations for WW were .04, .05, and .05 for Models 1, 2, and 3, respectively. Also, in the case of WH the estimate of c2 was .OO for the medium line at the two farms. The average estimate was .02 for the three models.
Nonadditive Genetic Variances. Tables 3, 4 , 5, and 6 for BWT, BH, WW, and WH, respectively, also contain estimates of dominance (d2; Models 2 and 3) and additive x additive (a:a2; Model 3 ) genetic variances as proportions of the phenotypic variance ( 0 : ) . Only slight differences existed in the estimates of dominance genetic variance between Models 2 and 3; however, substantial variation was observed in estimates of d2 across herd-line combinations. This variation is t o be expected. From simulation, Chang et al. ( 1990) concluded that a large number of families is required to obtain reliable estimates of non-additive genetic variances. It is more difficult to find enough good-quality field data to obtain accurate estimates of these parameters for beef cattle than for dairy cattle (VanRaden et al., 1992) . The data available for the present study included some records of full-sib calves (Table l ) , though not a substantial number. Averaged estimates across herd-line combinations may give a reasonable idea of the magnitude of the true values for these parameters.
The range of estimates of d2 was from .OO to .39 for BWT, with an average across herd-line combination of .l8 for the two models. For BH the estimates ranged from .OO to 5 3 with an average estimate of .26 for the two models. The highest estimates of d2 were for WW; therefore, this trait is expected t o present the largest degree of heterosis (Willham, 1970) .
The range of estimates was from .OO to 5 6 , with averages of .28 and .29 for Models 2 and 3, respectively. The lowest estimates of dominance variance were observed for WH, with values from .OO to .34 with averaged estimates across herd-line combinations of . l 1 and .l0 for Models 2 and 3, respectively. In general, the average estimates of d2 obtained in the present study are high compared with estimates from previous studies using traditional procedures. Hohenboken and Brinks ( 19 7 1) reported that from 10.3 to 12.2% of the total variance was due t o direct dominance effects on weaning weight of Hereford linecross calves; also for Herefords, Cantet et al. (1988) found estimates of 7 and 9% for birth weight and weaning weight, respectively. However, Deese and Koger ( 1967) found no variability attributable to dominance effects on preweaning growth rate of Brahman and Brahman-Shorthorn calves. For dairy cattle, Tempelman and Burnside (1991) obtained average estimates of dominance variance (d2) using an animal model for milk and fat yields (. 19 and .34, respectively) that were larger than estimates that they obtained (Tempelman and Burnside, 1990 ) when they used a hierarchical dam-within-sire model for the same data (.06 and .24 for milk and fat yields, respectively); however, VanRaden ( 1989) reported that no more than 3 to 6% of total variation in milk production was explained by dominance and additive x additive effects together. Tempelman and Burnside ( 199 1) pointed out that some possible confounding sources exist that could have resulted in their high values of d2. Wei and van der Werf (1993) also found relatively high values of d2 using an animal model for egg number in poultry (. 10 to .20) but lower estimates for egg weight and egg specific gravity ( .O 1 to ,131.
Estimates of d2 were generally higher at the McNay herd than at the Rhodes herd for BWT, BH, and WW (Tables 3, 4, and 51, but not for WH (Table 6 ) . These differences could be due to sampling variance only; more records were available a t Rhodes and the inverses of the dominance relationship matrices ( D-l) were more dense for the data subsets from this herd, which could have resulted in better estimates of the parameter. De Boer and van Arendonk ( 1992 ) mentioned that when they simulated a finite-locus model, inbreeding decreased dominance variance. The proportion of inbred animals at Rhodes was higher than at McNay (Table 21 , which may be an explanation for the differences in estimates of d2.
In general, estimates of additive x additive genetic variances were negligible for all cases, except for one data subset for BWT, two for BH, and one for WH where large estimates of additive x additive genetic variances were associated with reduced estimates of variances due to direct additive genetic effects (Chang et al., 1990; VanRaden et al., 1992) . Chang et al. ( 1990) found that variance due t o epistasis was a much more difficult parameter to estimate than were additive and dominance genetic effects, and that several thousand families would be required to obtain reliable estimates of this parameter. Implementation of the procedure used in the present study would be impossible for that size of data set. Requirements for computing time and memory are large (Van Vleck, 1993 
Likelihood Ratio Tests. Values of -210g
A at convergence with the three different models are given in Table 7 for BWT and BH and in Table 8 for WW and WH. The difference between the value obtained with model i and the value obtained with model j ( i < j ) can be compared to a chi-squared value with 1 df, which constitutes a likelihood ratio test of significance (Dobson, 1990) . This value tests whether the amount of variation explained by the extra effect in model j is important.
When comparing Models 2 and 1, the difference between the function values was significant ( P < .05) only for BWT of the medium line at Rhodes and for WW of the medium line at McNay. Even when the values obtained for d2 were relatively high (Tables 3,  4 , 5 , and 6), the amount of information used in the analyses was not enough to detect significance. Only one difference between the function values obtained with Models 2 and 3 resulted in significance ( P < .05); however, this difference corresponds to the data subset for BH of the small line at Rhodes, where the estimate of additive x additive genetic variance proportional t o was very high (.401; Table 4 ). Thus, there likely was confounding with estimated additive genetic variance ( h 2 = .28 and .l0 for Models 2 and 3, respectively). Additive x additive genetic variance was unimportant for the analyzed traits of those beef cattle.
Implications
Most of the nonadditive genetic variance for birth and 205-d weights and birth and 205-d hip heights of these beef cattle lines seems to be accounted for by dominance genetic effects. Reranking might occur by using variants of animal models that do or do not account for dominance genetic effects when evaluating purebred and crossbred animals together for total merit. Some changes may occur in predicted breeding values obtained with models including and not including dominance genetic effects, even though estimates of additive genetic variances are the same when dominance genetic effects are incorporated into the model. Benefits that might be obtained by incorporating mate selection into a breeding program need to be examined to determine whether the benefits offset the computational costs required for implementation of a model that accounts for dominance genetic effects.
